Abstract The work investigated the efficiency of microbial fuel cells (MFCs) for the treatment of alkaline hexavalent chromium containing wastewater. When lactate was used as the metal chelator in alkaline (pH 8) abiotic cathodes, hexavalent chromium concentration dropped from 10 mg l -1 to undetectable levels within the first 45 h of operation. Power density produced in the pH 8 abiotic cathodes was up to 21.4 mW m -2 , and in the pH 9 cathodes up to 2.4 mW m -2 ; these values were well comparable with other values found in the literature for biologically catalysed cathodes, even at lower pH values. When Shewanella oneidensis MR-1 was present in a hexavalent chromium reducing cathode at pH 8, current production contributed by 26 % to the total hexavalent chromium reduced during the 36 days of operation. On the other hand, when hexavalent chromium (10 mg l -1 ) was controllably added in the anode where S. oneidensis MR-1 was present, up to 73 % of current decreased immediately after every hexavalent chromium addition; this toxic effect remained even after hexavalent chromium was depleted in the anode and strongly indicates that the presence of hexavalent chromium in the anodes of MFCs must be avoided. Overall, our results indicate that alkaline hexavalent chromium wastewater can be effectively remediated in the cathodes of MFCs, provided that a metal chelator is present in the cathodes and that hexavalent chromium is not present in the anodes.
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Introduction
Hexavalent chromium (Cr(VI)) has become one of the most abundant inorganic contaminants found in groundwater and has toxic, carcinogenic, and mutagenic effects on the living environment (U.S.E.P. A. 2000) . The physicochemical characteristics of Cr(VI) containing wastewater will very much vary from the strongly acidic chrome plating wastewater (Li et al. 2008) to the alkaline chromite ore processing wastewater (Stewart et al. 2007 ). Various treatment approaches exist but an effective remediation option involves Cr(VI) reduction to the considerably less toxic trivalent form (Cr(III)) (Brandhuber et al. 2004; Palmer and Puls 1994) , according to Eq. 1:
Even though it is an effective Cr(VI) remediation method, Cr(VI) reduction strongly depends on the presence of protons and therefore the pH of the wastewater. This can also be seen in the Nernst equation, which relates the concentrations of the reactants in the solution with the redox potential of the Cr(VI)/Cr(III) redox couple:
Where E 0 0 is the potential at standard conditions (1.51 V), R is the molar gas constant (8.31447 J mol -1 K -1 ), T is the temperature (K), n is the number of electrons exchanged (3), and F is Faraday's constant (96,485.3 C mol -1 ). As seen in Eq. 2, the lower the [H ? ] concentration (higher pH), the lower the redox potential of the Cr(VI)/Cr(III) couple, and therefore the lower the tendency of Cr(VI) for reduction.
Microbial fuel cells (MFCs) are a new technology for Cr(VI) reduction, and their principle is presented in Fig. 1 . In the anode, electrons released from organic compounds are transferred to the cathode using bacteria as ''catalysts''. In the cathode, which can also utilise bacterial catalysts (biocathode), electrons are received by Cr(VI) as the final step of the process. When a resistor is externally applied to the system, electrical power is generated by the electron movement from the anode to the cathode, which improves the sustainability of the remediation process. To close the electrical circuit and to run Eq. 1, protons are also delivered to the cathode through a proton or a cation exchange membrane.
Research on Cr(VI)-reducing cathodes is summarised in Table 1 for abiotic cathodes and in Table 2 for biocathodes. Until now, MFC studies were conducted with either abiotic cathodes mainly operating at acidic pH (Table 1) or with biocathodes mainly operating at near neutral pH (Table 2 ). In addition, most work on microbial Cr(VI) remediation has been conducted near the physiological pH 7; however, chromium ore processing residue can have typical pH values as high as 8 and 9 (Stewart et al. 2007) , and neutral pH will rather be the exception than the rule in this instance.
When at acidic pH, Cr(VI) reduction occurs rather fast due to the abundance of protons (Eqs. 1, 2) and the final product is mainly soluble Cr 3? (Fig. 2) . However, protons are not abundant at neutral or alkaline pH, and therefore, the process is very much slowed down. In addition, the charge of the final product of the reduction process (Cr(III)) will vary with varying pH (Fig. 2) , and positively charged Cr(III) compounds will be deposited on the negatively charged MFC cathode (Clark and McCreery 2002; Hurley and McCreery 2003) . Because Cr(VI) remediation in MFCs relies on electrochemical Cr(VI) reduction, this electrodeposition will result in a self-inhibitory behaviour of the cathode, and finally in a poor ratio of Cr(VI) reduced per electrode surface area.
A solution to this problem would be to maximise the ratio of electrode surface area used per mass of Cr(VI) available for reduction; however, this option would be impractical for real scale applications where the mass of Cr(VI) that needs to be reduced is high. In a previous study (Xafenias et al. 2013) , we demonstrated that lactate can act as a Cr(III)-chelating agent, enhancing the performance of neutral pH cathodes. However, neutral pH will rarely be the case of Cr(VI)-contaminated environments, and therefore, the effectiveness of this approach has to be tested at different pH ranges.
Another important aspect of operating Cr(VI)-reducing MFCs is the toxicity of Cr(VI) that might be present in the anode. Cr(VI) could be transferred to the anode by reactor failure, or by selecting an anion exchange membrane that would allow the negatively charged Cr(VI) oxides to be transferred from the cathode to the anode (Pandit et al. 2011) . Therefore, evaluating Cr(VI) toxicity in MFC anodes is essential, and no other work has been published on this issue.
The aim of this study was to study issues related to Cr(VI) wastewater remediation in MFCs, with a focus on the challenging alkaline pH and on Cr(VI) toxicity in the anodes. For this reason, we selected three different pH values (6, 8, and 9) and we studied how changing the cathodic pH from slightly acidic to alkaline affects the MFC performance. We also used a biocathode to test the effect of the biocatalyst present in an alkaline cathode, in order to merge traditional biological remediation with MFC technology. Finally, we tested the effect of Cr(VI) presence in MFC anodes, and we discuss the reasons behind this effect and why Cr(VI) presence in the anodes should be avoided. The work was conducted in 2012, in the Environmental Research laboratories of the Faculty of Fig. 1 The concept of Cr(VI) remediation in MFCs: 1 Anodophilic microorganisms break down organic substrates in the anode, releasing protons and electrons; 2 electrical power is generated when protons and electrons are passing to the cathode through a proton-permeable membrane and an external resistor, respectively; 3 Cr(VI) is reduced to Cr(III) in the cathode, where depending on the pH, the exact speciation of the produced Cr(III) will vary Current and power densities given by the authors were normalised to the total apparent surface area of the cathode Table 2 Comparison among MFC studies with biological cathodes Tandukar Engineering and the Environment, University of Southampton, UK.
Materials and methods

Reactor setup
Common dual-chamber electrochemical reactors were used in this study, with 200 ml working volume in each chamber. A Nafion 117 proton exchange membrane that was fixed between the two chambers had a surface area of 4 cm 2 and was pretreated as described by Kim et al. (2007) . Each chamber was hosting one graphite felt electrode with a 20-cm 2 total apparent surface area. One millimetre copper wire was used as the external circuit cable and was connected with the felt through a 3-mm [ graphite rod using conductive silver epoxy. Electrodes were cleaned prior to use as described by Chaudhuri and Lovley (2003) . To avoid interference with Cr(III) deposits, new electrodes were used for each experiment. Ag/ AgCl reference electrodes were used in the MFCs to monitor the potential. All reactors were covered with aluminium foil to exclude light, and experiments were conducted at room temperature (24 ± 2°C). N 2 was flushed at all times in both the anode and the cathode of the Cr(VI)-reducing MFCs except if otherwise indicated. External resistor (R ext. ) was 1,000 X at all times except if otherwise indicated.
Chemicals
In all cases, anodes were filled up to 200 ml with a pH 7 phosphate buffer minimal medium containing (mM): NaCl (70), KH 2 PO 4 (21), K 2 HPO 4 (29), MgCl 2 (1), NH 4 Cl (28), and CaCl 2 (0.7). The medium also contained 0.1 % v/v of a trace elements mixture (Rabaey et al. 2005) . A 1.2-M Naacetate (S2889, Sigma Aldrich) stock solution was prepared in anodic medium and was supplied in the mediatorless MFC anodes operating with anaerobic sludge to increase acetate concentration to around 40 mM before each experiment. When Shewanella oneidensis MR-1 (MR-1) was used, anolyte contained Na-DL-Lactate (F1506, Sigma Aldrich) at the concentrations mentioned.
When studying Cr(VI) reduction at different pH values, the catholyte was a 50-mM phosphate buffer saline (PBS) containing (mM): KH 2 PO 4 (44), K 2 HPO 4 (6) at pH 6, KH 2 PO 4 (3), K 2 HPO 4 (47) at pH 8, and KH 2 PO 4 (0), K 2 HPO 4 (50) at pH 9. When studying Cr(VI) reduction in a pH 8 biocathode, the catholyte was the same as the anodic medium described above, amended to contain (mM): KH 2 PO 4 (3) and K 2 HPO 4 (47). pH in the reactors was corrected using 5 M HCl or 5 M NaOH solutions. Ovendried potassium dichromate (K 2 Cr 2 O 7 ) salt was diluted in ultra-pure water to make a 4-g Cr(VI) l -1 stock solution, which was then spiked in the cathodes to give an initial concentration of 10 mg l -1 , except if otherwise indicated. Catholyte also contained 200 mM of Na-DL-Lactate as a chelating agent in all cases.
Start-up and operation
Anaerobic sludge was used as the bacterial catalyst in the anodes of MFCs used to study Cr(VI) reduction at different pH values. The initial seed was obtained from the wastewater treatment plant of Millbrook, Southampton, UK, and was used to inoculate (5 ml) an MFC anode fed with acetate in a fed-batch mode for more than 3 months. About 15 ml of this MFC effluent was then used to inoculate the anodes in each of the three MFCs used, which were initially running with continuous air supply in the cathode and an external resistor. After biofilm formation in the anodes, the catholyte was replaced with anaerobic catholyte-containing Cr(VI) as the final electron acceptor, at the pH values mentioned.
Shewanella oneidensis
MR-1 was used in both the anode and cathode of the biocathode MFC and in the anode of the MFC used to test Cr(VI) toxicity in the anode. MR-1 (NCIMB 14063) was initially grown aerobically on tryptone soya agar (pH 7.3, ) and negatively (Cr(OH) 4 -) charged dissolved species are present, along with the neutral Cr(OH) 3 species that precipitate 30°C) and then transferred into 200 ml of a Luria-Bertani 50-mM phosphate buffer medium (pH 7.0). After incubation in an orbital-shaking incubator at 30°C, cells were centrifuged (5,0009g, 4°C, 20 min), and then, the pellet was rinsed twice using 100 mM NaCl-50 mM phosphate buffer saline (PBS) solution (pH 7.0). Cells were then harvested and resuspended in 200 ml of a minimal medium to achieve an OD 600 of 0.7 at the beginning of the experiments. When MR-1 was used in the biocathode MFC, MR-1 was initially inoculated in one chamber of the MFC and was let to produce anodic current for 3 days with lactate as the electron donor and an external resistor. Air was constantly provided in the anodes at 160 ml min -1 using an air pump, in order to form a thick MR-1 biofilm and to sustain bacterial growth. After 3 days, MR-1 was also inoculated in the second chamber of the MFC; N 2 was constantly sparged to remove all oxygen present in the ex-anode side; and current was let drop to background levels. Cr(VI) was then added in the ex-anode side, which then started operating as the cathode. When studying the effect of Cr(VI) presence in the anodes, two MFCs were inoculated with the Cr(VI) tolerant strain MR-1 and were let to produce current for around 20 h, with Cr(VI) as the electron acceptor in the cathode ([Cr(VI)] 0 = 500 mg l -1 , cathode pH 2). Each MFC then had Cr(VI) added under anaerobic conditions (continuous N 2 sparging), to give a concentration of around 10 mg l -1 in the anode. Then, current was allowed to stabilise for several hours and further Cr(VI) additions followed similarly. Appropriate sterilisation techniques were applied at all times to avoid contamination of the pure culture.
Analytical methods
Samples were centrifuged at 20,8009g for 3 min, prior to Cr(VI) and acids analyses. The presence of dissolved Cr(VI) was evaluated as described in the Standard Method 3500-Cr B (APHA 2005). Acetate and lactate were measured using Ion Chromatography (882 Compact IC Plus, Metrohm) with an ion-exclusion column (Metrosep Organic Acids, 250/7.8 mm, Metrohm), a 0.5-mM H 2 SO 4 solution as eluent, and flow rate set at 0.6 ml min -1 .
Calculations
Voltage drops across an external resistor were recorded every 2 min using a datalogger (DT 505, DataTaker). Current I (A) was calculated according to the Ohm's law I = E cell /R ext , where E cell (V) is the voltage drop across the external resistor R ext (X). Power P was calculated as P = E cell 2 /R ext . All current and power densities reported herein were calculated by dividing the current and power by the total apparent surface area of the cathode (20 cm 2 ).
Charge transferred from the cathode electrode to the bulk solution was calculated as C 1 = RIDt, where t is the time interval between the two measurements (120 s). The total amount of charge transferred to Cr(VI), assuming a complete Cr(VI) to Cr(III) reduction, was calculated as -1 ). After calculating C 1 and C 2 , Coulombic efficiency (CE, %) of the cathode was calculated as CE = C 1 /C 2 9 100 %.
Polarisation curves
Polarisation curves were obtained before the Cr(VI) reduction tests, and after a stable open circuit, voltage was recorded under continuous N 2 flushing. R ext. from 100,000 to 3 X were then applied, and graphs were made after voltage was not substantially changing for each of the R ext. applied.
Results and discussion
Cr(VI) reduction at different pH values
In a preliminary experiment with a poised cathode (-500 mV vs. Ag/AgCl) at pH 8 and in the absence of lactate, electroreduction was minimal (less than 0.5 mg Cr(VI) l -1 ), and current production reached background levels within 17 h of operation (data not shown). Therefore, in order to study Cr(VI) reduction at different pH values, all catholytes contained 200 mM lactate which is a known metal chelator that can form chelates with Cr(III) (Hamada et al. 2005; Puzon et al. 2005 ) and thus enhance the Cr(VI) electroreduction process by limiting Cr(III) electrodeposition on the cathode (Xafenias et al. 2013 ). The reason we used lactate among other metal chelators is that it occurs naturally in the environment, it exhibits low environmental toxicity (Bowmer et al. 1998) , it is easily biodegradable by bacteria of environmental interest like Shewanella (Pinchuk et al. 2011 ) and can be used as an electron donor for Cr(VI) bioremediation (Brodie et al. 2011; Alam et al. 2006) .
Polarisation graphs (Fig. 3a) produced at the beginning of the experiments showed that power production at pH 8 was maximum at the current density of 104 mA m -2 , when 21 mW m -2 were produced. While power was increased at slightly acidic pH 6 (25 mW m -2 at 112 mA m -2 ) as can be explained by the Nernst equation, power densities at pH 9 were considerably lower compared with the pH 8 cathodes (2 mW m -2 at 15 mA m -2 ). Figure 3b demonstrates the higher current production by the MFCs operating with the cathode at pH 8, resulting in faster Cr(VI) reduction compared with other pH values (Fig. 3c) . pH 8 cathodes exhibited more efficient Cr(VI) reduction even compared with pH 6 cathodes, regardless of the fact that both systems had an initial current production of around 70 mA m -2 . As a result, Cr(VI) levels in pH 8 MFCs fell to less than 0.3 ± 0.3 mg l -1 within the first 43 h of operation, while at pH 6, the same levels of Cr(VI) remaining in solution were only achieved at the end of the 72-h operation period. At pH 9, Cr(VI) was continuously reduced; however, reduction rates were slower, and there were still 6 ± 0.4 mg l -1 available at the end of the operation period.
Anodic potential under closed circuit conditions did not alter much during operation (pH 6: -531 ± 49 mV, pH 8: -542 ± 21 mV, pH 9: -558 ± 4 mV). Anodic pH did not alter much either and remained around 7.9 throughout operation. Therefore, it should mainly be cathode-related factors that have contributed to the higher current production observed at pH 8. One might assume an increased stability of the Cr(III)-lactate complex with increasing pH, as a result of stronger deprotonation of the lactic ion. Increased stability could limit the electrodeposition of Cr(III) compounds on the cathode electrode and therefore the deactivation of the cathode. However, with a low pK a value for the carboxyl (3.86) and a high pK a value for the hydroxyl (15.1) group (Silva et al. 2009 ), the protonation state of the lactic ion would not alter much within the pH range studied.
Another more likely explanation would involve the speciation of Cr(III)-lactate complexes with varying pH. In an aquatic environment, four Cr(III) species are dominant within the pH range 6-9 (Sun et al. 2010 at pH 8; Cr(OH) 2 ? , Cr(OH) 3 and Cr(OH) 4 -at pH 9. Considering a 1:1 lactate-Cr(III) chelation (Hamada et al. 2005) , complexes at lower pH might have retained a positive charge, which attracted them on the negatively charged electrode surface. Cr(III) can be deposited on the electrode even after reduction at pH as low as 2 (Zhang et al. 2012 ); however, the higher H ? availability at lower pH is probably counteracting this inhibition effect (Eq. 1) by increasing the cathode's reduction potential (Eq. 2).
Another reason for the rather slower electroreduction observed at pH 6 was that at lower pH, partial Cr(VI) reduction by nonelectrochemical pathways was observed. While Coulombic efficiency was close to 100 % at pH 8 and 9, at pH 6, it dropped to only 63 % (Fig. 3d) , indicating that another Cr(VI) removal pathway was present at lower pH. With Cr(VI) at the pH range studied being mainly in the negative chromate ion (CrO 4 2-) form, Cr(VI) cannot be electrostatically removed by the also negatively charged cathode (Farmer et al. 1997) . A more possible mechanism which explains this decrease in Coulombic efficiency would be that of chemical Cr(VI) reduction by lactic acid (Deng and Stone 1996) .
Until now, studies on Cr(VI) reduction at neutralslightly alkaline pH have mainly focused on the use of Cr(VI)-reducing bacterial catalysts in the cathode. Table 3 compares the maximum power densities recorded in the literature, with the ones observed in this study where lactate instead of a bacterial catalyst was used to enhance the process. At pH 6, the power density produced in this study was comparable with previous studies that were performed in the absence of a metal chelator (Wang et al. 2008; Li et al. 2008 ). However, we only used 1/5 to 1/10 the concentration used elsewhere, and this should have reduced the redox potential of the Cr(VI)/Cr(III) couple, as predicted by the Nernst equation (Eq. 2). At pH 8 and 9, maximum power density produced by 10 mg Cr(VI)/l in the presence of lactate was 31 and 3 times, respectively, the power density produced in a biocathode MFC running with 20 mg Cr(VI)/l at pH 8 (Huang et al. 2011b) , indicating that the chelation process is crucial at these pH values.
Our discovery that chelation can enhance Cr(VI) electroremediation can be applied to elucidate the mechanisms via which bacterial catalysts enhance Cr(VI) reduction in MFC biocathodes. These mechanisms are still not clear; however, a possible reason for this enhancement could be because of Cr(III) chelation with organic acids excreted by bacteria (Vollbrecht et al. 1978 ) present in mixed bacterial biocathodes. In addition, it is of importance whether and how other chelate agents with environmental importance like citrate or EDTA can enhance Cr(VI) electroremediation. Finally, since organic molecules such as lactate can form insoluble complexes with Cr(III) at appropriate pH (Hamada et al. 2005; Puzon et al. 2005) , the effluent of the Cr(VI)-reducing cathode could be further environmentally improved by subsequent pH control, which would precipitate and remove total chromium. However, more research is needed on all of these aspects.
Cr(VI) reduction in a pH 8 biocathode To study whether biological remediation can be applied together with MFC technology at alkaline pH, we tested a lactate-containing cathode in the presence of MR-1, at pH 8. When Cr(VI) was added in the biocathode, the concentration was initially decreased rapidly ( Fig. 4a ) due to the Cr(VI)-reducing metabolic pathways of MR-1 that did not involve current production. Cathode potential remained at low levels due to the presence of MR-1 (Fig. 4b) ; however, it was increased by around 50-70 mV after each Cr(VI) addition. The charged produced, calculated both from the total Cr(VI) reduction and the electricity production, showed that the initial rapid Cr(VI) reduction was due to factors other than electricity (e.g. heterotrophic lactate oxidation). During the first 6 days of operation, 89.2 C of charge was produced in the biocathode due to nonelectricity factors, compared with only 4.1 C produced due to electricity (Fig. 4c) . However, during the next 30 days of operation, electricity production became the major and more stable Cr(VI) reduction pathway; 23.6 C was bioelectrochemically produced during this time, while only 18.3 C was produced due to other pathways. This finding is important, as it clearly demonstrates that bio-electroreduction can improve the traditional biological Cr(VI) remediation, even at alkaline pH. Finally, the relationship between current produced and Cr(VI) concentration in the biocathode could be represented, with a high coefficient of determination (r 2 = 0.88), by an exponential rise to a maximum equation (Fig. 4d) ; this indicates that the effect of Cr(VI) concentration on current production in the biocathode was crucial only up to a certain concentration; above that concentration (around 8 mg-Cr(VI)/l), Cr(VI) would not produce considerably higher current density, nor Cr(VI) electroreduction would be considerably faster, given a certain electrode surface area. To overcome this limitation, and depending on the Cr(VI) concentration to be treated, a higher electrode surface area would be beneficial, as it would increase the absolute current value and therefore the Cr(VI) treatment rate. Fig. 4 The effect of Cr(VI) additions in an MFC cathode operating with S. oneidensis MR-1 as the biocatalyst in both anode and cathode (R ext. = 1,000 X): a current production and Cr(VI) reduction through time; b cathode potential through time; c cumulative charge produced, calculated from Cr(VI) reduction (total), electricity production (due to electricity), and the subtraction of the two (due to other than electricity); d current versus Cr(VI) concentration relationship calculated from the last four Cr(VI) additions to the biocathode Anodic current inhibition by Cr(VI) present in the anode
In the previous paragraph, we demonstrated that sufficient Cr(VI) reduction can take place in MFC cathodes with lactate and MR-1 and that this reduction is the cumulative effect of both biological and electrochemical Cr(VI) reduction. Moving a step forward, it is important to demonstrate the effect that Cr(VI) can have on the activity of MR-1 when the later acts as the anodic biocatalyst.
As seen in Fig. 5a , current increased during the first 20 h of operation when MR-1 was utilising lactate to produce anodic current and Cr(VI) was absent from the anode. However, current density immediately dropped from 0.41 to 0.11 A m -2 after the first Cr(VI) addition (9.8 mg l -1 ), which corresponds to a 73 % decrease. Current recovered slowly after complete Cr(VI) reduction but did not exceed 0.22 A m -2 , even after 2 days of operation. After the second Cr(VI) addition (8.8 mg l -1 ), the current density dropped from 0.22 to 0.08 A m -2 , corresponding to a further 67 % drop. After 2 days of stabilisation, Cr(VI) (10.2 mg l -1 ) was added for the third time, resulting in a further drop in current density by 67 %, from 0.11 to 0.04 A m -2 . After this final drop, current density did not recover but stabilised at around 0.04 A m -2 . Cr(VI) concentration in the anode dropped to low levels even after the fourth Cr(VI) addition (10.6 mg l -1 ); however, current in this instance did not show any clear further response (increase or decrease). As a result of the current density dropping after each Cr(VI) addition, the rates of charge production calculated according to current production and cathodic Cr(VI) reduction also fell (Fig. 5b) ; this was despite the fact that sufficient amounts of the electron donor (lactate) were present in the anodes at all times (Fig. 5c) .
The immediate drop of current as a response to Cr(VI) additions in the anode could be due to the alternative electron acceptor present in the anode, which is being reduced instead of the electrode. However, as demonstrated elsewhere, this was not the case when oxygen was supplied in the MR-1-inoculated anode (Rosenbaum et al. 2010; Xafenias et al. 2013 ). In addition, this would not explain the slow recovery (or the absence of any recovery) observed after Cr(VI) depletion. Passivation of the electroactive components responsible for anodic current production by Cr(III) precipitates on the bacterial cell surface could be a reason for the reduced electroactivity of MR-1 in the anode. However, recent findings suggesting that MR-1 remained electroactive during Cr(VI) reduction and could utilise the electrode as electron donor during bioelectrochemical Cr(VI) reduction (Xafenias et al. 2013) and could indicate differences between the electron transfer pathways of anodic and cathodic current production. Uncomplexed Cr(III) formed during Cr(VI) reduction is known to have toxic effects on Shewanella, as it accumulates within the cytoplasm and probably binds with the DNA, affecting the cell's functionality (Bencheikh-Latmani et al. 2007 ). Therefore, the presence of Cr(VI) in the anodes of MFCs Fig. 5 The effect of Cr(VI) additions in an MFC anode operating with S. oneidensis MR-1 as the anodic biocatalyst (R ext. = 1,000 X): a current production and Cr(VI) concentration in the anode (arrows indicate Cr(VI) spikes; average values from two reactors are reported, and error bars represent min and max); b on the cumulative charge produced by the MFC, calculated based on both current production and Cr(VI) reduction in the cathode; c lactate and acetate concentrations evolution in the anode will have severe inhibitory effects on the process and must be avoided. This would be done by separating the anolyte from the catholyte using appropriately selective membranes (e.g. proton or cation exchange membranes and not anion exchange membranes), which would not allow the migration of the negatively charged Cr(VI) ions towards the anode.
Conclusion
Bio-electrochemical Cr(VI) reduction at alkaline cathodic pH is possible when chelating agents such as lactate are present. Current and power produced in the abiotic cathodes with lactate were at the same levels as those of microbially catalysed cathodes, and faster electrochemical reduction was achieved at pH 8, compared with pH 6 and 9. The presence of the cathode electrode in a biological Cr(VI)-reducing system can have a positive cumulative effect, and Cr(VI) will be reduced by both the biocatalyst and the electrode. However, the presence of Cr(VI) in the anodes of bioelectrochemical systems must be prevented as it has been demonstrated to have an irreversible inhibitory effect on anodic current production.
